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The synthesis of polymers from renewable sources is deemed as a significant approach with 
regards to a sustainable polymer chemistry. Herein, furfural, glycerol and lactic acid platform 
chemicals, which are derived from renewable and sustainable sources, were converted into their 
methacrylate monomers with bio-based components furfuryl, solketal and lactic acid. The 
monomers were formed via simple transesterification reactions and isolated in high yields and 
purity. Subsequently, the methacrylic monomers were polymerized and co-polymerized by 
employing a free radical solution polymerization technique using 1,1-azobis 
cyclohexanecarbonitrile (ABCN) as an initiator. The resultant bio-based polymers were obtained 
in high yields and proved to have sizeable molecular weights. Thermogravimetric analysis (TGA) 
and differential scanning calorimetry (DSC) measurements on these polymers revealed that they 
have good thermal properties with thermal stability ranges between 125 and 155 oC. The polymers 
were further reinforced using commercially available cellulose triacetate and polysulfone to give 
new polymer composites, which were fashioned into thin films and membranes. The films and 
membranes demonstrate good mechanical and physical properties and will find potential 
applications in coatings, water filtration membranes and the production of packaging plastics. 
Keywords: Bio-based, furfural, glycerol, lactic acid, poly(methacrylate), renewable, sustainable 
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The synthesis of monomers and polymers from renewable resources is a current topic of intense 
research. This is as a result of the continuous decline of petroleum resources ( Figure 1.1), as well 
as environmental issues around global warming and environmental pollution.1 The utilization of 
fossil fuels in the production of plastics presently accounts for about 7% 2 of global oil and gas 
usage and is probably going to increase greatly, unless alternate sustainable sources of monomers 
to produce these plastics are found.3 Besides, a current report plainly shows that society may have 
more polymer waste than fish in the oceans in thirty years due to the increase in polymer waste 
that end up in the oceans.4 Therefore, using traditional fossil fuel based polymers, that only slowly 
degrade, need to be averted for biogenic or sustainable polymers that break down easily in the 
environment.5 Nonetheless, the perceived high cost and poor performance of biodegradable and 
renewable polymers relative to synthetic polymers produced from petroleum sources has led to 
little progress in the global polymer market share (which stands at <5% of biodegradable 
polymers).2 If there is to be a notable shift in the use of renewable polymers, then we must develop 
new procedures for their synthesis and scaling up that can be easily adopted. Also, renewable 
polymers ought to deliver equal or enhanced properties and performance, this ought to be produced 
without any notable increase in cost.2 Besides, the exploration of new monomer structures leading 
to materials with novel properties is of great importance.6 Monomers like terpenes, fatty acids from 
vegetable oils, carbohydrates and carbon dioxide can be utilized as raw materials for the production 
of diverse sustainable materials and products; including: elastomers, plastics, hydrogels, flexible 
electronics, resins, engineering polymers and composites. To produce these monomers easily and 
in a cost-effective manner, efficient catalysts and reagents coupled synthetic methodologies are 
required to ease selective monomer generation, polymerizations and to enable recycling or 




           Figure 1.1: Predicted depletion of crude oil by 2050.4                   
Biomass that do not compete with food production and biomass waste from food production offers 
the best source of producing biodegradable, renewable and sustainable polymers. Among the 
fractions of biomass that can provide raw materials for catalytic production of platform molecules, 
carbohydrates and lipids-based offer the best multifunctional platform for the production of 
sustainable polymers (Figure 1.2). For lipids (utilization of triglycerides), the platform spins 
mainly around various pathways for the synthetic manipulation of the byproduct, glycerol.8,9 For 
carbohydrates, however, there are several platform molecules that can be used for the best routes 
to sustainable polymers production.10 Pretreatment of lignocellulosic biomass yield cellulose, 
hemicellulose and lignin. The cellulose and hemicellulose components can be hydrolysed (to 
generate C5 and C6 sugars including mannose, galactose, xylose, arabinose, rhamnose etc.
11) and 
these can be further transformed into important bio-based chemicals; including: furfural (FF) and 
2-hydroxymethylfurfural (HMF), lactic acid and glycerol through fermentation and dehydration 





    
   
Furfural, glycerol and lactic acid are noted to be part of the essential and promising bio-based 
chemicals as assessed by the US Department of Energy.15,16  
 
1.2 Valorization of furfural 
Furfural (FF) belongs to a class of furanic compounds; including: 5-hydroxymethylfurfural 
(HMF), 5-chloromethylfurfural (CMF), 2,5-furandicarboxylic acid (FDCA) and 2,5-dimethyl 
furan (DMF). Furfural is considered to be an established chemical product with a stable market.17 
Its world production is rated around 200,000 – 360,000 tonnes per annum.18,19 The conversion of 
solid hemicellulose (devoid of pretreatment) into xylose, arabinose and furfural using solid acid 
catalysts (zeolites, clays and metal oxides), in aqueous media via a one-pot process, has been 
reported.20 (Scheme 1.1).  











                           
                       
 
Moreover, hydrolysis followed by dehydration of cellulose using mineral acids leads to the 
formation of FF, HMF  and CMF.21 (Scheme 1.2). 
      
 
                  
5 
 
FF is used in the oil-refining, plastics and agricultural industries, and is a raw material in the 
synthesis of furfuryl alcohol (FA), furan and tetrahydrofuran.20 Notably, about 60 – 70 % of FF 
produced is used for the production of FA.18 
 Literature reports indicate that, hydrogenation of furfural using a catalyst could be performed 
either in the gaseous 23,24 or liquid phase.22 Nickel and copper/chromium-based catalysts are noted 
to be the most common for the hydrogenation of furfural at commercial level despite the fact that 
they show moderate activity towards FA.25,26 However, several reports have been made on the 
hydrogenation of furfural in liquid-phase employing noble metal-based catalysts, such as 
palladium, platinum22,27,28 , iridium and ruthenium,29 rhodium, and zirconium oxide.30 Reactions 
were performed either with or without a solvent, as well as with the use of  a second metal (as a 
promoter) to enhance the activity or selectivity.31,32 With regards to the selective hydrogenation of 
α,β-unsaturated aldehydes, the most popularly cited non-noble metals are nickel and iron.33 The 
choice of catalyst support is also a key aspect that may lead to substantial changes in catalytic 
activity. In spite of the fact that activated carbon is known to be the usual carbon support, biochar 
could be a substitute for this purpose.34   
Most reports have focused on liquid phase hydrogenation of furfuryl alcohol (FA) to 
tetrahydrofurfuryl alcohol (THFA);  using supported platinum,35 ruthenium and nickel36 catalysts. 
However, direct hydrogenation of FF to THFA that has been achieved over most conventional 
supports such as silica,33 alumina,37 Ni-Pd/SiO2,
38  Pd/MFI,39 Pd/Al2O3
40 catalysts. Scheme 1.3 
illustrate some possible reaction pathways for furfural hydrogenation.  
Moreover, catalytic transfer hydrogenation of furfural using a Pt-based catalyst (Figure 1.3) and 
formic acid as the hydrogen source in a homogenous system has been conducted by one member 
of our research group.41 The reactions were performed by reacting furfural (10 mmol), catalyst 
(0.05 mmol), Et3N (10 mmol) and formic acid (20 mmol) in an autoclave reactor at 140 ⁰ C for 8 
h. A selectivity of 100% and conversion of 100% were obtained which depict a better performance 
to those reported in the literature at this time. 





                   
                     
 
                                             
                                                     
 
 
Glycerol (1,2,3-propanetriol) is known to be rich in functionalities and is generally available. It is 
naturally found in the form of fatty acid esters and also serves as a key intermediate in the 
metabolism of living organisms.8 It can be derived from biomass such as sunflower oil and 
rapeseed through hydrolysis or methanolysis of triglycerides. Industrially, glycerol can be 
manufactured via fermentation of sugars like fructose and glucose, either directly or as a by-
product of the conversion of lignocellulose into ethanol.42 The production costs and profit 
7 
 
differences in the co-production of glycerol with ethanol is known to decrease and increase 
respectively as revealed by some economic and scientific analyses.43 Hence, glycerol usage in the 
production of value-added chemicals is of sizeable commercial importance. Moreover, glycerol is 
an innocuous, wholesome, bio-sustainable and biodegradable compound.15 Glycerol is usually 
transformed into chemicals by catalytic processes like acetalization, oxidation, hydrogenation, 
esterification, etherification, transesterification, dehydration, oligomerization, pyrolysis etc. The 
three hydroxyl groups in glycerol makes it exhibits versatile and high chemical reactivity and can 
be transformed into value-added chemicals and fuel additives (Scheme 1.4).8,43 
 
 
                     Scheme 1.4: Glycerol as a platform molecule for functional chemicals.8 
Acetalization of glycerol with carbonyls using various catalyst to produce a mixture 1,3-dioxane 
and 1,3-dioxalane have been reported (Scheme 1.5).44 These products obtained from the 
acetalization of glycerol can be use as fuel additives which enhance the quality of diesel by 
decreasing the release of carbon monoxide into the atmosphere. Moreover, they can further be 
converted into more functionalized monomers which can be polymerized.   
8 
 
               
                                                    Scheme 1.5: Acetalization of glycerol.44 
 
1.4 Valorization of lactic acid 
Lactic acid is an organic acid found in many products of natural origin45 and occurs in two different 
forms, i.e. L-lactic acid and D- lactic acid. It is mostly manufactured commercially by fermentation 
of sugars and alcohols.15 The hydroxyl (OH) and carboxylic acid (COOH) functional groups 
present in lactic acid make it a more functionalized molecule which can further be modified into 
useful monomers for other applications.46 It has numerous utilizations in the textile, food and 
beverage sector, leather, cosmetic, chemical and pharmaceutical industries.47,19 However, the use 
of lactic acid in the manufacture of bio-based polymer over the years has enhanced its large growth 
rates. A typical example is polylactic acid (PLA) (Scheme 1.6) which is used in food packaging, 





                            Scheme 1.6: Overview of lactic acid conversions.15 
 
 
1.5 Polymerization reaction 
 A polymer is any long-chain molecule synthesized by linking together many single parts called 
monomers. The entire process is called polymerization. The two major types of polymerization 
reactions are; step-growth (Condensation) polymerization and chain-growth (Addition) 











     
 
 
1.5.1 Step-Growth (Condensation) polymerization                                  
This is a polymerization in which chain growth transpires gradually between difunctional 
monomers. In condensation polymerization, each condensation is an individual step in the growth 
of the polymer and there is no chain reaction. These polymerizations often take place with loss of 
water, and usually amalgamate two different constituents in an alternating structure. There are 
many types of condensation polymers, however the four most common types are polyamides, 
polyesters, polycarbonates and polyurethanes. Figure 1.4 illustrates two examples of synthetic 
condensation polymers.50  
Step-growth polymers usually grow via carbon-heteroatom bond formation (C-O & C-N in Dacron 
& Nylon respectively). Cellulose and poly(β-hydroxybutyric acid) are some examples of naturally 




                                Figure 1.4: Examples of some condensation polymers50 
1.5.2 Chain-growth (Addition) polymerization.  
 




Chain-growth polymerizations entail end-groups possessing reactive intermediates (such as 
radicals, carbanions, carbocations, and organometallic complexes) that react with a monomer only. 
Depending on the reaction conditions and the type of reactive center, the growth of the polymer is 
stopped at some point by destroying the reactive center. Some of the monomers that go through 
chain-growth polymerizations comprise compounds like alkenes, alkynes, allenes, isocyanates, 
and cyclic compounds such as lactones, lactams, ethers, and epoxides.48,50 Table 1.2 illustrates 
some common addition polymers made from substituted alkenes. 
 









                                                                                                      
Free radical polymerization is known to be one of the most popular and functional reactions for 
manufacturing polymers. It is employed to make polymers from vinyl monomers; that is, from 
small molecules containing carbon-carbon double bonds.  
                                                            
Preferably, the initiators should be comparatively stable at room temperature. However, during 
polymer preparation condition, it should disintegrate rapidly enough to ensure a practical reaction 
rate. The three major types by which free radical initiators are classified are: (a) thermal initiators, 
(b) redox initiators, and (c) photo-initiators.49  
1.5.2.2.1 Thermal Initiators                                        
Upon subjecting the initiator to heat, a bond is homolytically cleaved, producing two radicals. 
Organic peroxides and azo compounds are mostly used as thermal initiators. Benzoyl peroxide (1) 
is the most commonly used peroxide, which go through thermal homolysis to form benzoyloxy 
radicals (Eq. 1.0). Apart from adding to monomer, the benzoyloxy radicals may go through 
different reactions including: recombination (reverse of Eq. 1.0), decomposition to phenyl radicals 
and carbon dioxide (Eq. 1.1), and radical combination (Eqs. 1.2 and 1.3). These secondary 
reactions transpire due to the limiting effect of solvent molecules hence, the concentration of 
initiator radicals is consumed.49  
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These are compounds that generate radicals when exposed to UV light. The radicals then react 
with monomers to initiate polymer chain growth. Peroxides and azo compounds dissociate 
photolytically as well as thermally. Photoinitiation reactions does not depend on temperature and 
this is said to be the main advantage it has over thermal initiation reactions. Also, the reaction is 
fast relative to thermal initiation.  Moreover, better control of the polymerization reaction is 
generally possible due to the use of narrow wavelength bands to initiate decomposition. 
Furthermore, the reaction can be terminated by merely removing the light source. Different types 
of photolabile compounds such as disulfides (Eq.1.7), benzoin 7 (Eq. 1.8), and benzyl 8 (Eq. 1.9) 
are useful.49 
 
                      
 
                             
The three major steps in free radical polymerization are, initiation step, propagation step and 
termination step. The initiation step entails two reactions: formation of the initiator radical (Eq. 
1.10), and addition of the initiator radical to monomer (Eq. 1.11. The propagation step involves 
addition of monomer radical to another monomer molecule, followed by consecutive additions of 






















The scheme below illustrates the radical polymerization of a substituted ethylene.  
           
                        Scheme 1.7: Radical polymerization of a substituted ethylene51 
                             In = radical initiator e.g. Asobisisobutyronitrile (AIBN). 
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1.5.2.4.1 Bulk polymerization                      
 
1.5.2.4.2 Suspension polymerization 
 
1.5.2.4.3 Solution polymerization 
Similar to suspension, solution polymerization enables efficient transfer of heat. To prevent chain 
transfer reactions that may lead to the formation of polymers with low molecular weight, solvent 
must be chosen correctly. A major complication in solution polymerization aside environmental 
interest related to organic solvents is that it is usually laborious to get rid of the solvent. Hence, 
supercritical carbon dioxide has been employed as solvent for the polymerization. Nonetheless, it 
is only ideal for polar monomers like acrylates and methacrylates.49 
 
1.5.2.4.4 Emulsion polymerization 
An emulsion polymerization generally consists of a dispersing medium, monomer, emulsifier and 
initiator. The constituents are distributed by the emulsifier in water which acts as the continuous 
phase. The monomers form droplets that are suspended in the water molecules. The emulsifier acts 
as a stabilizer by reacting with the suspended droplets to form micelles that surround the monomer. 
The micelles act as the reaction site unlike in suspension polymerization where the reaction site is 
the monomer. Emulsion polymerization has numerous advantages over other polymerization 
techniques in that, it has a higher conversion, more quick than bulk or solution polymerization at 
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the same temperature and also gives rise to polymers with a much higher molecular weight relative 
to those obtained from bulk and solution polymerization techniques.49   
 
1.5.3 Molecular weight of polymer 
Polymers comprise of smaller monomer units of varying sizes contrary to simple organic 
compounds. These variations in the degree of polymerization result in molecules with distinct 
molecular weights together with distinct polydispersity.  
All synthetic polymers are known to be poly dispersed, i.e. they consist of polymer chain of 
unequal length hence their molecular weight is generally expressed as average molecular weight.  
 
 
                                         




Number-average molecular weight (Mn) is the total weight (W) of all the molecules in a polymer 
sample divided by the total number of molecules present. i.e. Mn =  
𝑊
𝛴𝑁𝑖
    where Ni is the number 
of molecules having molecular weight Mi. Weight average molecular weight (Mw) is the weight 
fraction(wi), each molecular weight contributes to the total molecular weight of the entire sample. 
i.e. Mw = 𝞢 wiMi where Mi = molecular weight of individual molecules, wi = weight fraction of 
molecules having molecular weight Mi.
49,53   
 
Polydispersity of a polymer refers to the uniformity of a polymer system. A polymer is said to be 
monodispersed when the polymer chain lengths are all uniform within the sample. Natural 
polymers are said to be monodispersed. Polydispersity is quantified using Polydispersity index 
(PD/PDI). PDI = 
𝑀𝑤
𝑀𝑛
 . The broader the MDW, the larger the PDI and vice versa.53  
 
A number of physical and chemical methods including: End group analysis, Light scattering, Gel 
permeation chromatography, Viscometry technique, Osmometry technique are employed to 




















                               
 
 
An example of a rigid polymer like poly(methyl methacrylate) has the ability to withstand high 
stress as well as having low strain. Moreover, it has high transparency therefore making it ideal 
for a glass-like application. The stress–strain behavior of a polymer is mainly distinguished by the 
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modulus (E) which is the resistance to deformation and it is calculated by dividing the initial stress 
(σ) by ∆l/l (Ꜫ) (Eq. 1.18).49 
                   Ꜫ = 
∆𝑙
𝑙
 ,                    E = 
𝜎
Ꜫ










                                       
 
                                                                                             
 
 
Nearly all polymers begin to flow when they are heated at 200 oC, hence they are readily prepared 
into various commodities which are essential in our everyday life. In the course of using the 
polymeric product, one does not want the composition and size of the material to be altered readily 
when exposed to heat. And so, the choice of polymer with sufficient thermal stability is highly 
essential for real application. Organic substances have the propensity to generate aromatic 
compounds when they are heated to high temperatures. Hence, polymers composed of aromatic 
structure display high resistance to heat mediated transformation. Polymers that are thermally 
stable should not disintegrate below 400 oC and should be able to keep service properties close to 








From the table above it follows that, a polymer which  contains a C–O bond will be more thermally 
stable than the polymer that contains a C–C bond due to the higher bond strength (1,076 vs. 607 













1.6 Synthesis of bio-based polymers 
A bio-based polymer is defined as a synthetic polymer partially or completely obtained from by-
products originating from biomass.54 Bio-based polymers can be biodegradable or non-
biodegradable depending on the polymer chemical structure. Currently, the growth of bio-based 
polymers at the industrial level is specifically based on the advancement of two main types of 
resources including: oily plants and polysaccharides.55 Some of the world renounced companies 
that have been engaged in this development are: Arkema, Oleon (Avril), Evonik, Elevance, 
Hunstman in Europe and US Biobased in the USA, Roquette, Tereos, Solvay and NatureWork.54 
Moreover, several research efforts on the synthesis of bio-based polymers are committed to 
resources derived from lignocellulosic biomass.  
 
1.6.1 Furan-based polymers 
There has been an immense attention with regards to the use of furans in polymer chemistry over 
the last ten years. Easy access to cellulosic biomass sources as compared to the other renewable 
sources could be a reason for this developing interest.54  
 


















1.6.1.2 Furan-based polyurethanes 
Polyurethanes are generally known to be derived from the polycondensation reaction between a 
diol and a diisocyanate. 2,5-bis(hydroxymethyl)furan (BHMF) has been used to react with 
diisocyanate to form the corresponding polyurethane product54 (Figure 1.12).  
 
          




Cawse et al. also synthesized polyurethane by converting furfuryl amine dimer into their 
diisocyanate equivalents59,60 (Figure 1.13). 
 
 
                
                         Figure 1.13: Synthesis of polyurethane from furfurylamine dimer.59 
 
 
1.6.2 Lactic acid-based polymers (PLA) 
 
 
                                                   Figure 1.14: Routes to PLA production.54 
 
The ROP is the current method used by vast PLA manufacturers including: NatureWorks, Purac, 
etc. Poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA) are semi-crystalline with melting point 
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and glass transition temperature in the range of 170 – 180 oC and 55 – 60 oC respectively.61,62 
However, poly(D, L-lactide) (PDLLA) which consist of a mixture of L – and D – lactide is 




1.6.3 Glycerol based polymers 
1.6.3.1 Polyglycerol 
Polyglycerols have been used to replace glycol ethers (e.g. ethylene glycol) which find their 
applications in ink and paints.63 This is due to the toxicity of ethylene glycol which is commonly 
produced from fossil resources.63 Self-polymerization of glycerol by employing catalyst leads to 
the formation of polyglycerol 64 (Figure 1.15) which finds applications as plasticizers, surfactants, 
lubricants and pharmaceutical industries.65,66,67 
 
                     
                                       Figure 1.15: Homo-polymerization of glycerol.64 
 
Polyglycerol can also be produced from glycerol carbonate via microwave irradiation.68 Moreover, 
some glycerol-based polyesters have been prepared by copolymerization between a diacid and 1,3-
propanediol.69 Notably, glycerol can be copolymerized with polyisocyanates to produce numerous 
varieties of polyurethanes having excellent properties.70 
 
1.6.4 Bio-based acrylic polymers 
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1.7 Motivation for study 
The rapid utilization of fossil fuels in the production of plastics has contributed to the imminent 
depletion of petroleum resources together with environmental pollution. 
This has led to the necessity to find new polymers based on renewable resources that require a 




Despite this progress there is still room to develop more sustainable polymers. It is with this in 
mind that the aims of this project; namely: to synthesize bio-based monomers and further 
polymerize and co-polymerize the monomers to sustainable polymers, were formulated. 
 
 
The main aim of the study is to synthesize bio-based monomers (furfuryl alcohol, solketal and 
lactic acid methacrylates) for the production of novel sustainable polymers and polymer 
composites with potential applications such as plastics, resins, coatings, elastomers, adhesives and 
water filtration. 
The specific objectives are: 
➢ To synthesize bio-based methacrylate monomers including furfuryl alcohol (FAMA), 
solketal (SoMA) and lactic acid – methacrylate (LAMA). Figure 1.18 
➢ To homopolymerize and copolymerize these bio-based monomers via free radical 
polymerization to form new sustainable polymers. (PFAMA, PSoMA, PLAMA, 
P(FAMA-co-SoMA), P(FAMA-co-LAMA), P(SoMA-co-LAMA)). Figure 1.19 
➢ To reinforce these polymers using commercially available polymers (cellulose triacetate 
and polysulfone) to give new polymer composites. 
➢ To fully characterize these sustainable polymers using various spectroscopic and 
analytical techniques (including NMR, FT-IR, Thermogravimetric analysis, Differential 
scanning calorimetry, Gel permeation chromatography, Powder X-Ray Diffraction, 
Scanning electron microscopy, Transmission electron microscopy, etc.) 
➢ To fashion the polymer composites into film membranes and establish their potential 
applications as coatings, plastics and water filtration. 
36 
 
                
               




     
 








1 S. A. Miller, ACS Macro Lett., 2013, 2, 550–554. 
2 M. F. Sainz, J. A. Souto, D. Regentova, M. K. G. Johansson, S. T. Timhagen, D. J. Irvine, 
P. Buijsen, C. E. Koning, R. A. Stockman and S. M. Howdle, Polym. Chem., 2016, 7, 
2882–2887. 
3 M. Okada, Prog. Polym. Sci., 2002, 27, 87–133. 
4 J. Hopewell, R. Dvorak and E. Kosior, Philos. Trans. R. Soc. B Biol. Sci., 2009, 364, 
2115–2126. 
5 S. A. Miller, Polym. Chem., 2014, 5, 3117–3118. 
6 P. Anastas and N. Eghbali, Chem. Soc. Rev., 2010, 39, 301–312. 
7 Y. Zhu, C. Romain and C. K. Williams, Nature, 2016, 540, 354–362. 
8 C. H. Zhou, J. N. Beltramini, Y. X. Fan and G. Q. Lu, Chem. Soc. Rev., 2008, 37, 527–
549. 
9 M. Pagliaro, R. Ciriminna, H. Kimura, M. Rossi and C. Della Pina, Angew. Chemie - Int. 
Ed., 2007, 46, 4434–4440. 
10 C. Vilela, A. F. Sousa, A. C. Fonseca, A. C. Serra, J. F. J. Coelho, C. S. R. Freire and A. J. 
D. Silvestre, Polym. Chem., 2014, 5, 3119–3141. 
11 D. Sun, S. Sato, W. Ueda, A. Primo, H. Garcia and A. Corma, Green Chem., 2016, 18, 
2579–2597. 
12 J. S. Luterbacher, D. Martin Alonso and J. A. Dumesic, Green Chem., 2014, 16, 4816–
4838. 
13 S. Bagheri, N. Muhd and W. A. Yehye, Renew. Sustain. Energy Rev., 2015, 41, 113–127. 
14 M. Mascal, ACS Sustain. Chem. Eng., 2019, 7, 5588–5601. 
15 J. J. Bozell and G. R. Petersen, Green Chem., 2010, 12, 539–554. 
16 T. Werpy and G. Petersen, Us Nrel, 2004, Medium: ED; Size: 76 pp. pages. 
17 M. J. Biddy, C. J. Scarlata and C. M. Kinchin, NREL Rep., , DOI:10.2172/1244312. 
18 R. Christoph, B. Schmidt, U. Steinberner, W. Dilla and R. Karinen, Ullmann’s Encycl. 
Ind. Chem., 1998, 16, 67–82. 
19 E. de Jong, H. Stichnothe, G. Bell and H. Jørgensen, IEA Bioenergy Task 42 - Bio-Based 
Chemicals: a 2020 Update, 2020. 
20 P. L. Dhepe and R. Sahu, Green Chem., 2010, 12, 2153–2156. 
38 
 
21 M. Mascal, ChemSusChem, 2015, 8, 3391–3395. 
22 Á. O’Driscoll, J. J. Leahy and T. Curtin, Catal. Today, 2017, 279, 194–201. 
23 C. P. Jiménez-Gómez, J. A. Cecilia, D. Durán-Martín, R. Moreno-Tost, J. Santamaría-
González, J. Mérida-Robles, R. Mariscal and P. Maireles-Torres, J. Catal., 2016, 336, 
107–115. 
24 M. Li, Y. Hao, F. Cárdenas-Lizana and M. A. Keane, Catal. Commun., 2015, 69, 119–
122. 
25 J. Wu, Y. Shen, C. Liu, H. Wang, C. Geng and Z. Zhang, Catal. Commun., 2005, 6, 633–
637. 
26 P. D. Vaidya and V. V Mahajani, ndustrial Eng. Chem. Resour., 2003, 3881–3885. 
27 J. Kijeński and P. Winiarek, Appl. Catal. A Gen., 2000, 193. 
28 B. M. Nagaraja, V. Siva Kumar, V. Shasikala, A. H. Padmasri, B. Sreedhar, B. David 
Raju and K. S. Rama Rao, Catal. Commun., 2003, 4, 287–293. 
29 Z. Zhou, Q. Ma, A. Zhang and L. Wu, Appl. Organomet. Chem., 2011, 25, 856–861. 
30 K. Inada, M. Shibagaki, Y. Nakanishi and H. Matsushita, ChemInform, 2010, 25, 1795–
1798. 
31 J. Kijeński, P. Winiarek, T. Paryjczak, A. Lewicki and A. Mikolajska, Appl. Catal. A 
Gen., 2002, 233, 171–182. 
32 B. M. Nagaraja, A. H. Padmasri, B. D. Raju and K. S. R. Rao, 2007, 265, 90–97. 
33 H. Li, H. Luo, L. Zhuang, W. Dai and M. Qiao, J. Mol. Catal. A Chem., 2003, 203, 267–
275. 
34 A. Fuente-Hernández, R. Lee, N. Béland, I. Zamboni and J.-M. Lavoie, Energies, 2017, 
10, 286. 
35 W. L. Wei, H. Y. Zhu, C. L. Zhao, M. Y. Huang and Y. Y. Jiang, React. Funct. Polym., 
2004, 59, 33–39. 
36 X. Chen, W. Sun, N. Xiao, Y. Yan and S. Liu, Chem. Eng. J., 2007, 126, 5–11. 
37 S. Sitthisa, W. An and D. E. Resasco, J. Catal., 2011, 284, 90–101. 
38 Y. Nakagawa and K. Tomishige, Catal. Commun., 2010, 12, 154–156. 
39 N. S. Biradar, A. M. Hengne, S. N. Birajdar, P. S. Niphadkar, P. N. Joshi and C. V Rode, 
ACS Sustain. Chem. Eng., 2014, 2, 272–281. 
40 S. Bhogeswararao and D. Srinivas, J. Catal., 2015, 327, 65–77. 
39 
 
41 P. S. Moyo, L. C. Matsinha and B. C. E. Makhubela, J. Organomet. Chem., 2020, 922, 
121362. 
42 C. S. G. Ning J. Cao, George T. Tsao, Twenty-First Symposium on Biotechnology for 
Fuels and Chemicals, Humana Press, Totowa, NJ, 2000, vol. 84. 
43 M. Aresta, A. Dibenedetto, M. Carone, T. Colonna and C. Fragale, Environ. Chem. Lett., 
2005, 3, 136–139. 
44 S. Zaher, L. Christ, M. Abd El Rahim, A. Kanj and I. Karamé, Mol. Catal., 2017, 438, 
204–213. 
45 S. Cong, Proc. 2007 Int. Conf. Adv. Fibers Polym. Mater. ICAFPM 2007, 2007, 1, 8–11. 
46 A. K. O. Rodrigues, D. L. H. Maia and F. A. N. Fernandes, Brazilian J. Chem. Eng., 2015, 
32, 749–755. 
47 C. A. Ramírez-López, J. R. Ochoa-Gómez, S. Gil-Río, O. Gómez-Jiménez-Aberasturi and 
J. Torrecilla-Soria, J. Chem. Technol. Biotechnol., 2011, 86, 867–874. 
48 P. Y. Bruice, Organic chemistry, Pearson Education, New York, 8th ed., 2016. 
49 W.-F. Su, Principles of Polymer Design and Synthesis, Springer Berlin Heidelberg, 
Berlin, Heidelberg, 1st ed., 2013, vol. 82. 
50 L. G. Wade, Organic Chemistry, Pearson, New York, 9th ed., 2016. 
51 T. W. G. of S. F. Solomons, C. B. F. L. U. Fryhle and S. A. S. University), Organic 
Chemistry, Wiley, Hoboken, 11th ed., 2013. 
52 S. A. Umoren and M. M. Solomon, Polym. Sci. Res. Adv. Pract. Appl. Educ. Asp., 2016, 1, 
412–419. 
53 K. Balani, V. Verma, A. Agarwal and R. Narayan, in Biosurfaces, John Wiley & Sons, 
Inc, Hoboken, NJ, USA, 2015, pp. 329–344. 
54 H. Cramail, B. Bizet, O. Lamarzelle, P. Durand, G. Hibert and E. Grau, in Advance Green 
Chemistry, World scientific, Singapore, 2020, pp. 167–328. 
55 S. Fernando, S. Adhikari, C. Chandrapal and N. Murali, Energy & Fuels, 2006, 20, 1727–
1737. 
56 J. H. Phillips, in Handbook of Metathesis, Wiley-VCH Verlag GmbH & Co. KGaA, 
Weinheim, Germany, 2015, vol. 3–3, pp. 357–374. 
57 E. De Jong and L. Sipos, in ACS Symposium Series, American Chemical Society, 
Washington, DC, 2012, vol. 1105, pp. 11–23. 
40 
 
58 A. Gandini, A. J. D. Silvestre, C. P. Neto, A. F. Sousa and M. Gomes, J. Polym. Sci. Part 
A Polym. Chem., 2009, 47, 295–298. 
59 J. Cawse, J. Stanford and R. Still, Die Makromol. Chemie, 1984, 185, 697–707. 
60 O. Crosby, in Catalysis from A to Z, Wiley, 2020, vol. 723, pp. 709–723. 
61 M. J. Stanford and A. P. Dove, Chem. Soc. Rev., 2010, 39, 486–494. 
62 B. Kalb and A. J. Pennings, Polymer (Guildf)., 1980, 21, 607–612. 
63 H.-J. Weissermel, K.; Arpe, Industrial Organic Chemistry, WILEY-VCH, Germany, 
Fourth Edi., 2013, vol. 7. 
64 A. Martin and M. Richter, Eur. J. Lipid Sci. Technol., 2011, 113, 100–117. 
65 M. Calderón, M. A. Quadir, S. K. Sharma and R. Haag, Adv. Mater., 2010, 22, 190–218. 
66 W. Daniel, S. E. Stiriba and F. Holger, Acc. Chem. Res., 2010, 43, 129–141. 
67 H. Kunieda, A. Akahane, Jin-Feng and M. Ishitobi, J. Colloid Interface Sci., 2002, 245, 
365–370. 
68 K. Iaych, S. Dumarçay, E. Fredon, C. Gérardin, A. Lemor and P. Gérardin, J. Appl. 
Polym. Sci., 2011, 120, 2354–2360. 
69 A. Gandini and T. M. Lacerda, Prog. Polym. Sci., 2015, 48, 1–39. 
70 Z.-Y. Li, Y. Zhang, C. Zhang, L. Chen, C. Wang, H. Tan, Y. Yu, X. Li and H. Yang, J. 
Am. Chem. Soc., 2014, 136, 8577–8589. 
71 P. Ray, T. Hughes, C. Smith, M. Hibbert, K. Saito and G. P. Simon, Polym. Chem., 2019, 
10, 3334–3341. 













Synthesis and characterization of furfural, glycerol and lactic acid-based platform 
molecules and their conversion into bio-based methacrylate monomers. 
 
2.1 Introduction 
Among the fractions of biomass, lignocellulose (comprising cellulose, hemicellulose and lignin) 
is known to be the most abundant biomass resource on the planet.1 Pretreatment of lignocellulosic 
biomass yield cellulose, hemicellulose and lignin. The cellulose and hemicellulose components 
can be hydrolysed (to generate C5 and C6 sugars including mannose, galactose, xylose, arabinose, 
rhamnose etc.2) and these can further be transformed into important bio-based chemicals; including 
furfural (FF) and 2-hydroxymethylfurfural (HMF), lactic acid and glycerol through fermentation 
and dehydration reactions.3  Fatty acids, obtained from lipids found in animal fats and vegetable 
oils, are also an important source of biomass; which provides hydrocarbons for fuel (e.g. fatty acid 
methyl esters, FAMEs) and glycerol.4 Notably, glycerol can also be derived from the fermentation 
of sugars.5,6,7,8  Employing synthetic methodologies, these biochemicals (FF, HMF, lactic acid and 
glycerol) can be transformed, via catalytic and/or chemical synthesis, into monomers.9,10 
Amidst the vast transformation of furfural into useful chemicals and fuels, furfuryl alcohol and 
other five-membered oxygen containing heterocycles (such as furan, 2-methylfuran, 
tetrahydrofurfural alcohol, 2-methyltetrahydrofuran and furfurylamine) are the most common.11,12 
Furfuryl alcohol has a vast spectrum of utilization; such as in the production of solvents, 
biofuel(additives) and polymers – the latter requiring pre-modification into monomers.13,14 A 
typical example is furfuryl methacrylate (FMA)15 which is a valuable monomer obtained by the 
reaction of furfuryl alcohol with methacrylic acid /anhydride generating a radical polymerization 
handle.16 
Glycerol can also be modified into a monomer with a methacrylate polymerization handle by: 1) 
initial treatment with acetone, under catalytic acetalization to afford solketal17 then, 2) reaction of 
the solketal with methacrylic acid/anhydride to give solketal methacrylate.18 
In a similar manner, lactic acid can be treated with methacrylic acid/anhydride; affording lactic 
acid methacrylate.19  
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In this chapter, the synthesis and characterization of methacrylate monomers; including furfuryl 
alcohol  (FAMA), solketal- (SoMA) and lactic acid- methacrylate (LAMA) are discussed. These 




Furfural, glycerol (99.5%), formic acid (95%), triethylamine (99%), acetone, iron(III)chloride 
hexahydrate (FeCl3.6H2O), methacrylic anhydride (MAN) (92%), 4-(dimethylamino) pyridine 
(DMAP) (99%), lactic acid (85%), methacrylic acid (99%), methane sulfonic acid (99.5%), 
hydroquinone (99%) and sodium hydrogen bicarbonate (NaHCO3) were all purchased from 
Sigma-Aldrich and used as received. Pt-based C5 20 catalyst was synthesized by a member of our 
research group and used as is. Furfuryl alcohol was synthesized following a previously reported 
method.20 Solketal was synthesized following a literature method.21 Solvents, such as hexane, ethyl 
acetate and chloroform, were purchased from Sigma-Aldrich and were used as received.  
 
                                                      
                                                                        
 
FA was prepared following literature procedure.20 Pt-based catalyst (7.824 mg) was weighed and 
transferred into a reactor. This was followed by the addition of furfural (0.814 mL, 10 mmol), 
triethylamine (1.394 mL, 10 mmol) and formic acid (0.755 mL, 20 mmol). The reaction was then 
allowed to proceed in an autoclave reactor at 140 oC for 8 h. At the end of the reaction, the crude 
product was purified via column chromatography using hexane and ethyl acetate as the solvent 
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system in a 3:2 ratio. Solvent from the resulting eluant was evaporated to obtain a brown liquid. 
(Yield: 0.7850 g (80%). 1H NMR (400 MHz, CDCl3, 25 °C, δ, ppm): 2.51 (s, 1H, -OH), 4.55 (s, 
2H, Hd), 6.25 (d, 1H, Hc), 6.30 (t, 1H, Hb), 7.36 (d, 1H, Ha); 
13C{1H} NMR (100 MHz, CDCl3, 25 
°C, δ, ppm): 57.35 (C5), 107.82 (C4), 110.38 (C3), 142.60 (C2), 153.97 (C1); FT-IR (νmax/cm): 3334 
(-OH). 
 
2.2.2.2 Synthesis of solketal 
                                                                     
 
Solketal was prepared as following a literature reported method.21 To a 100 mL round bottom flask 
was added glycerol (5 g, 54.3 mmol), acetone (4 mL, 54.3 mmol) and FeCl3.6H2O (4.4 mg, 0.02 
mmol, 0.03% w.r.t glycerol) which was used as a catalyst. A biphasic yellow solution was formed. 
The mixture was then heated at 60 o C with continuous stirring. After 1 h, a homogenous mixture 
was formed. About 30 mL of water and 20 mL of chloroform was used in the extraction of the 
crude product. The mixture was washed three times with three 20 mL portions of chloroform. The 
organic extracts were combined and the resulting mixture rotary evaporated and dried under 
vacuum at room temperature to remove acetone and chloroform. A colorless liquid (Solketal) was 
obtained. Yield: 2.54 g (51%). 1H NMR (400 MHz, CDCl3, 25 °C, δ, ppm): 1.34 (s, 3H, Hd1), 1.41 
(s, 3H, Hd2), 2.05 (s, 1H, -OH), 3.53-3.72 (m, 2H, Ha), 3.74 - 4.02 (m, 2H, Hc), 4.18 – 4.23 (m, 1H, 
Hb);  
13C{1H} NMR (100 MHz, CDCl3, 25 °C, δ, ppm): 25.26 (C5b), 26.69 (C5a), 62.99 (C4), 65.68 







2.2.3 Synthesis and experimental data of bio-based monomers 
2.2.3.1 Synthesis of furfuryl alcohol methacrylate (FAMA) 
 
                                              
                                                               
FAMA was prepared according to literature procedures.22,23 4-(Dimethylamino) pyridine (DMAP) 
(0.026 g, 0.212 mmol) and triethylamine (TEA) (4 mL, 30.58 mmol) were charged into a 100 mL 
round bottom flask. Furfuryl alcohol (1.8 mL, 20.39 mmol) was added followed by subsequent 
addition of 5 mL ethyl acetate. The flask was sealed and the whole mixture stirred under nitrogen 
for 30 min to ensure the formation of homogenous mixture. Methacrylic anhydride (MAN) (3.2 
mL, 21.42 mmol) was mixed with 3 mL of ethyl acetate and added to the mixture dropwise. After 
the complete addition of MAN, the solution was allowed to stir under nitrogen for about 3 – 4 h, 
followed by heating at 55 o C for 24 h. After the reaction was completed (as observed by tin layer 
chromatography and  1H NMR), the solution was further diluted by the addition of about 40 mL 
of ethyl acetate and then transferred into a separatory funnel and washed with three portions of 
saturated NaHCO3(aq) solution and the organic layer filtered to remove TEA and any other salt 
formed. The resulting solution was then evaporated and dried under vacuum to remove ethyl 
acetate. A brown liquid was then obtained. Yield: 3.05 g, (89%). 1H NMR (400 MHz, CDCl3, 25 
°C, δ, ppm): 1.92 – 1.93 (m, 3H, Hf), 5.11 (s, 2H, Hd), 5.55 – 5.56 (m, 1H, He1), 6.10 - 6.11 (m, 
1H, He2), 6.34 - 6.35 (m, 1H, Hb), 6.40 – 6.41 (m, 1H, Hc), 7.40 – 7.41 (m, 1H, Ha); 
13C{1H} NMR 
(100 MHz, CDCl3, 25 °C, δ, ppm): 18.31(C9), 58.29 (C5), 110.54 (C4), 110.60 (C3), 126.07 (C8), 
136.01(C7), 143.21(C2), 149.60 (C1), 167.06 (C6). FT-IR (νmax/cm): 1636 (-C=C), 1716 (-C=O). 






2.2.3.2 Synthesis of solketal methacrylate (SoMA) 
 
                                             
 
SoMA was prepared according to literature procedures.22,23 4-(Dimethylamino)pyridine (DMAP) 
(9.63 mg, 0.079 mmol) and triethylamine (TEA) (1.59 mL, 11.36 mmol) were charged into a 100 
mL round bottom flask. Solketal (0.94 mL, 7.57 mmol) was added followed by subsequent 
addition of 5 mL ethyl acetate. The flask was sealed and the whole mixture stirred under nitrogen 
for 30 min to ensure the formation of homogenous. Methacrylic anhydride (MAN) (1.23 mL, 8.32 
mmol) was mixed with 3 mL of ethyl acetate and added to the mixture dropwise. After the 
complete addition of MAN, the solution was allowed to stir under nitrogen for about 3 – 4 h 
followed by heating at 55 o C for 24 h. After the reaction was completed (as observed by 1H NMR), 
the solution was further diluted by the addition of about 40 mL of ethyl acetate and then transferred 
into a separatory funnel and washed with three portions of saturated NaHCO3(aq) solution and the 
organic layer filtered to remove TEA and any other salt formed. The resulting solution was then 
evaporated and dried under vacuum to remove ethyl acetate. A yellow liquid was then obtained. 
Yield: 1.35 g, (89%). 1H NMR (400 MHz, CDCl3, 25 °C, δ, ppm): 1.35 (s, 3H, Hd1), 1.41 (s, 3H, 
Hd2), 1.93 (t, 3H, Hf), 3.76 – 3.79 (m, 1H, Hc1), 4.05 – 4.09 (m, 1H, Hc2), 4.17 – 4.19 (m, 2H, Ha), 
4.31 – 4.37 (m, 1H, Hb), 5.56 – 5.58 (m, 1H, He1), 6.12 (t, 1H, He2); 
13C{1H} NMR (100 MHz, 
CDCl3, 25 °C, δ, ppm): 18.31(C9), 25.40 (C5b), 26.68 (C5a), 64.70 (C4), 66.36 (C3), 73.63 (C2), 







2.2.3.3 Synthesis of lactic acid methacrylate (LAMA) 
                                               
 
LAMA was prepared according to literature procedure.19 Lactic acid (1 g, 0.011 mol) and 
hydroquinone (0.61 mg, 0.005 mmol) were charged into a 100 mL round bottom flask and heated 
in an oil bath to a temperature of 100 oC. Methacrylic acid (0.96 g, 0.011 mol) and methane sulfonic 
acid (0.011 g, 0.11 mmol) were then added dropwise to the reaction mixture. The whole mixture 
was then stirred and heated at 100 oC for 3 h. A brown liquid was then obtained. Yield: 1.50 g 
(86%). 1H NMR (400 MHz, CDCl3, 25 °C, δ, ppm): 1.45-1.57 (m, 3H, Hd), 1.92-1.95 (m, 3H, Hc), 
4.32 – 4.37 (m, 1H, Hb), 5.65 (d, 1H, Ha), 6.20 (d, 1H, Ha); 
13C{1H} NMR (100 MHz, CDCl3, 25 
°C, δ, ppm): 17.88 (C7), 20.20 (C6), 66.55 (C5), 128.11(C4), 135.60 (C3), 172.99 (C2), 180.80 (C1). 
FT-IR (νmax/cm): 2500 – 3500 cm
-1 (-COOH), 1705 cm-1 (-C=O), 1628 cm-1 (-C=C) 
 
 
Furfuryl alcohol (FA) was synthesized via a catalytic transfer hydrogenation of furfural using a Pt-
based catalyst previously reported in our group, formic acid as the hydrogen source and 
triethylamine as a base20 (Scheme 2.1). The reaction was performed under solvent free conditions 
by reacting furfural (10 mmol), catalyst (0.05 mmol), Et3N (10 mmol) and formic acid (20 mmol) 
in an autoclave reactor at 140 ⁰ C for 8 h. Selectivity >99% and conversion of 100% were obtained, 
which depict a better performance to those reported previously.31,32,33,34,35,36 FA was isolated as a 
brownish yellow liquid and was characterized using spectroscopy, including: 1H and 13C{1H} 




                                 
                             
                                        Scheme 2.1: Outline for the synthesis of FA. 
                                                 
 
The successful reduction of the carbonyl group in furfural (FF), is confirmed from the 1H NMR 
spectrum (Figure 2.1) where the appearance of a hydroxyl proton (He) at 2.51 ppm along with 
methylene protons (Hd) at 4.55 ppm were observed. Signals for all other protons are accounted for 




















                                          
 
 










                      
                              Figure 2.3: IR spectrum of Furfural, FA and FAMA. 
 
 
2.3.1.2 Synthesis of solketal 
Solketal was prepared via acetalization reaction of glycerol and acetone with FeCl3.6H2O as the 
catalyst. (Scheme 2.2) The reaction was performed under reflux at 60 oC with continuous stirring 
for 1 h, after which a colorless liquid was isolated with a yield of 51%. It was then characterized 
using 1H, 13C{1H} NMR and FT-IR spectroscopy.  
 
                                      
                                       




2.3.1.2.1 1H and 13C{1H} NMR spectra of solketal 
Evidence of successful acetalization of glycerol into hydroxyl group can be seen from the 1H NMR 
spectrum (Figure 2.4) by the appearance of the characteristic hydroxyl proton at 2.05 ppm. The 
appearance of methyl protons (Hd1, Hd2) between 1.2 and 1.5 ppm also confirms the structure. 
















The 13C{1H} NMR spectrum (Figure 2.5) showed the appearance of carbon peaks in -C-O-CH2 
between 110 and 65 ppm as well as the methylene carbon, CH2(OH) at 63 ppm. 
 
 
                         
 
 
2.3.1.2.2 Infrared (IR) spectrum of solketal 
The presence of a broad -OH peak at 3441 cm-1 in the IR spectrum affirmed the successful 






                    
                                 Figure 2.6: IR spectrum of solketal and SoMA. 
 
 
2.3.2 Synthesis and characterization of bio-based methacrylate monomers. 
2.3.2.1 Synthesis and characterization of Furfuryl alcohol methacrylate and Solketal 
methacrylate. 
Furfuryl alcohol methacrylate (FAMA) and Solketal methacrylate (SoMA) monomers were 
synthesized by an esterification reaction of furfuryl alcohol and solketal separately with 
methacrylic anhydride (MAN) together with triethylamine (TEA) and 4-dimethylaminopyridine 
(DMAP) (as a catalyst) in ethyl acetate (Scheme 2.3). The reactions were carried out under reflux 
at 55 oC with continuous stirring for 24 h. For the purpose of averting a long work-up with 
dissimilar basic and acidic solutions, simple NaHCO3 and water washing was employed which 




         
 
                       Scheme 2.3: Outline for the synthesis of FAMA and SoMA monomers. 
 
                                                   
The presence of two vinylic protons at 5.55 ppm and 6.11 ppm (He1 and He2) confirm successful 
installation of the methacrylic group (Figure 2.7), and this is further supported by a downfield 
shift of Hd protons from 4.55 ppm (in FA) to 5.11 ppm (in FAMA) along with new methyl signal  
(Hf), at 1.92 ppm. The same vinylic and methyl protons appeared in the 
1H NMR spectrum of 
SoMA (Figure 2.8) thereby confirming successful incorporation of the methacrylic group into 
solketal. Signals for all other protons were accounted for in their respective regions. 13C{1H} NMR 
spectra for both FAMA and SoMA exhibited carbon peaks assigned to the carbonyl, -C=O, and 






                                    




















































                             
 
                            
2.3.2.1.2 Infrared (IR) spectra of FAMA and SoMA. 
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2.3.2.2 Synthesis and characterization of lactic acid methacrylate (LAMA) monomer. 
Lactic acid methacrylate monomer (LAMA) was synthesized by a slightly different protocol where 
esterification between lactic acid and methacrylic acid was conducted in the presence of methane 
sulfonic acid (as a catalyst) and hydroquinone to prevent polymerization of methacrylic acid. 
(Scheme 2.4). The reaction was carried out under reflux at 100 oC with continuous stirring for 3 
h, yielding 86% of pure LAMA.  
                      
                      
 




Here too, the appearance of two vinylic proton signals at 5.62-6.20 ppm (Ha), and methyl resonance 
(Hc) at 1.92 ppm proved the proposed structure of the product being LAMA (Figure 2.11).  Signals 
for all other protons is accounted for in their respective regions. 13C{1H} NMR spectrum showed 

































                            
 
 











                     




Bio-based furfural and glycerol platform molecules were synthesized and by incorporation of 
methacrylic group into these platform molecules to obtain their corresponding bio-based 
monomers (FAMA and SoMA). Similarly, a lactic acid methacrylate monomer was also 
synthesized. The syntheses were all scalable, using simple reaction conditions and work-up 
procedures, leading to monomers that were isolated in high yields and high purity. 
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Bio-based polymers are materials which are derived from biomass as a substitute to conventional 
polymers from fossil resources.1 Biodegradable polymers are defined as materials whose physical 
and chemical properties go through disintegration when exposed to microorganisms, methane, 
carbon dioxide and water. It should be noted that the biodegradability of a bio-based polymer is 
mainly determined by the chemical structure of the polymer.2 Thus not all bio-based polymers are 
biodegradable. 
Vast of the bio-based polymers manufactured in the 1990’s were polyesters prepared via 
condensation or ring-opening polymerization, e.g. poly(lactic acid) and polyhydroxyalkanoate.3 
Nonetheless, the rising need for sustainable development has led to the enormous venture to 
manufacture novel bio-based polymers including: new polyesters or polyamides skeletons and 
other macromolecules.4  
Most of the starting molecules derived from biomass consist of several functional groups like 
alcohols, acids, amines, phenols, aldehydes etc., which enable direct polycondensation or step 
growth polymerization method. In comparison, less investigation has been done on the chain 
growth polymerization of biomass molecules. This is possibly because molecules from biomass 
hardly possess desirable functions for radical polymerization. However, biomass molecules can be 
functionalized into useful vinyl monomers which can further be polymerized via radical 
polymerization.5,6  
Radical polymerization mostly applies to unsaturated compounds bearing C=C bonds (e.g. vinyl 
monomers).1,7 Free radical polymerization is largely known to be substantially more tolerant to 
moisture and other impurities hence it is the vast conducive procedure to manufacture polymer 
materials on commercial scale. Moreover, most of the monomers can be polymerized and 
copolymerized by free radical polymerization.8,9  
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In this chapter, the synthesis and characterization of some furfural, glycerol and lactic acid-based 
polymers are discussed. These compounds are characterized by techniques including 1H, 13C{1H}, 
NMR spectroscopy, FT-IR spectroscopy, Thermogravimetric analysis, differential scanning 
calorimetry, gel permeation chromatography, scanning electron microscopy, transmission electron 
microscopy, powder X-ray diffraction.  
 
 
1H NMR (400 MHz) spectra were recorded on a Bruker-400 MHz spectrometer and values were 
reported relative to tetramethylsilane (δ 0.0) as internal standard. FT-IR spectra were recorded 






Powder X-ray Diffraction (P-XRD) were recorded on a Panalytical X’Pert X-Ray diffractometer 
at the University of Johannesburg, Analytical facility, Spectrau. Diffraction patterns were reported 
in arbitrary units [a.u.] on the vertical axis and position [2θ (0)] on the horizontal axis within a 




3.2.2 Synthesis and experimental data of homopolymers and copolymers. 
3.2.2.1 Synthesis of poly(furfuryl alcohol methacrylate) (PFAMA) 
                                                             
 
PFAMA was prepared according to literature procedures.10,11 Free radical polymerization of 
furfuryl alcohol methacrylate (FAMA) was performed using 1,1-azobis(cyclohexanecarbonitrile) 
(ABCN) as an initiator and toluene as solvent. FAMA (1.00 g, 6.02 mmol) was added into a pre-
dried round-bottom flask and about 5 mL of dried toluene was added to it. Air was removed and 
replaced with nitrogen using a series of freezing and thawing cycles in vacuum. The reaction flask 
was then placed in an oil bath temperature of 88 oC with stirring. After 5 min of stirring, ABCN 
(0.74 g, 3.01 mmol) was dissolved in dried toluene and then added to the mixture. The reaction 
mixture was then stirred at 88 oC for maximum of 24 h. After 24 h, tetrahydrofuran was added to 
the polymer mixture, precipitated in excess hexane and vacuum dried. The dried polymer was then 
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weighed (0.7798 g) and further characterized. 1H NMR (400 MHz, CDCl3, 25 °C, δ, ppm): 0.85 – 
1.76 (b, 5H, He, Hf), 4.88 – 4.97 (b, 2H, Hd), 6.32 – 6.34 (b, 2H, Hb, Hc), 7.39 (b, 1H, Ha); FT-IR 
(νmax/cm): 1716 (-C=O).     
 
3.2.2.2 Synthesis of poly(solketal methacrylate) (PSoMA) 
                                                       
 
PSoMA was prepared according to literature procedures.11,12 Free radical polymerization of SoMA 
was performed using 1,1-azobis(cyclohexanecarbonitrile) (ABCN) as an initiator and toluene as 
solvent. SoMA (2.00 g, 9.99 mmol) was added into a pre-dried round-bottom flask and about 5 
mL of dried toluene was added to it. Air was removed and replaced with nitrogen using a series of 
freezing and thawing cycles in vacuum. The reaction flask was then placed in an oil bath 
temperature of 88 oC with stirring. After 5 min of stirring, ABCN (1.22 g, 4.99 mmol) was 
dissolved in dried toluene and then added to the mixture. The reaction mixture was then stirred at 
88 oC for maximum of 24 h. After 24 h, tetrahydrofuran was added to the polymer mixture, 
precipitated in excess hexane and vacuum dried. The dried polymer was then weighed (1.6137 g) 
and further characterized. 1H NMR (400 MHz, CDCl3, 25 °C, δ, ppm): 0.87 – 1.23 (b, 3H, Hc, Hd, 
He), 1.34 – 1.41 (b, 6H, Hf, Hg), 1.55 – 2.12 (b, 2H, Ha,), 3.73 – 4.29 (b, 5H, Hc, Hd, He); FT-IR 








3.2.2.3 Synthesis of poly(lactic acid methacrylate) (PLAMA). 
                                                                    
 
PLAMA was prepared, following literature procedure.13 Free radical polymerization reaction of 
lactic acid methacrylate (LAMA) was carried out using 1,1-azobis(cyclohexanecarbonitrile) 
(ABCN) as an initiator and ethyl acetate as solvent.  LAMA (1.00 g, 6.32 mmol) was added into a 
pre-dried round-bottom flask and about 5 mL of ethyl acetate was added to it. Air was removed 
and replaced with nitrogen using a series of freezing and thawing cycles in vacuum. The reaction 
flask was then placed in an oil bath temperature of 80 oC with stirring. After 5 min of stirring, 
ABCN (0.31 g, 1.26 mmol) was dissolved in ethyl acetate and then added to the mixture. The 
reaction mixture was then stirred at 80 oC for maximum of 24 h. After 24 h, the polymer mixture 
was then precipitated in excess hexane and vacuum dried. The dried polymer was then weighed 
giving a mass of 0.25 g. 1H NMR (400 MHz, CDCl3, 25 °C, δ, ppm):  1.12 – 2.13 (b, 8H, Hb, Hc, 
Hd), 4.19 – 4.34 (b, 1H, Ha); FT-IR (νmax/cm): 1716 (-C=O), 2500 – 3500 cm
-1 (-COOH).       
 
3.2.2.4 Synthesis of poly(furfuryl alcohol methacrylate-co-solketal methacrylate) P(FAMA-co-
SoMA)  
                                                      
 
P(FAMA-co-SoMA) was prepared according to literature procedures.10,11 Free radical 
copolymerization reaction of FAMA and SoMA (1:1 mol ratio) was performed using 1,1-
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azobis(cyclohexanecarbonitrile) (ABCN) as an initiator and toluene as solvent. FAMA (0.50 g, 
3.00 mmol) and SoMA (0.60 g, 3.00 mmol) were added into a pre-dried round-bottom flask and 
about 5 mL of dried toluene was added to it. Air was removed and replaced with nitrogen using a 
series of freezing and thawing cycles in vacuum. The reaction flask was then placed in an oil bath 
temperature of 88 oC with stirring. After 5 min of stirring, ABCN (0.37 g, 1.5 mmol) was dissolved 
in dried toluene and then added to the mixture. The reaction mixture was then stirred at 88 oC for 
maximum of 24 h. After 24 h, tetrahydrofuran was added to the polymer mixture, precipitated in 
excess hexane and vacuum dried. The dried polymer was then weighed giving a mass of 0.6726 g. 
1H NMR (400 MHz, CDCl3, 25 °C, δ, ppm): 0.86 – 1.82 (b, 16H, Hh, Hi, Hj, Hk, Hl, Hm), 3.73 – 
4.33 (b, 5H, He, Hf, Hg), 4.85 – 4.92 (b, 2H, Hd), 6.33 – 6.37 (b, 2H, Hb, Hc), 7.41 (b, 1H, Ha); FT-
IR (νmax/cm): 1719 (-C=O).     
 
3.2.2.5 Synthesis of poly(furfuryl alcohol methacrylate-co-lactic acid methacrylate) P(FAMA-
co-LAMA). 
                                                                 
 
P(FAMA-co-LAMA) was prepared according to literature procedures.11,13 Free radical 
copolymerization reaction of furfuryl alcohol methacrylate (FAMA) and lactic acid methacrylate 
(LAMA) (1:1 mol ratio) was performed using 1,1-azobis(cyclohexanecarbonitrile) (ABCN) as an 
initiator and ethyl acetate as solvent. FAMA (0.50 g, 3.00 mmol) and LAMA (0.47 g, 3.00 mmol) 
were added into a pre-dried round-bottom flask and about 5 - 10 mL of ethyl acetate was added to 
it. Air was removed and replaced with nitrogen using a series of freezing and thawing cycles in 
vacuum. The reaction flask was then placed in an oil bath temperature of 80 oC with stirring. After 
5 min of stirring, ABCN (0.21 g, 0.84 mmol) was dissolved in ethyl acetate and then added to the 
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mixture. The reaction mixture was then stirred at 80 oC for maximum of 24 h. After 24 h, the 
polymer mixture was then precipitated in excess hexane and vacuum dried. The dried polymer was 
weighed (0.85 g) and further characterized. 1H NMR (400 MHz, CDCl3, 25 °C, δ, ppm): 0.18 – 
2.00 (b, 10H, He, Hf, Hi, Hj), 3.34 – 4.06 (b, 4H, Hg, Hh), 4.94 (b, 2H, Hd), 6.46 – 6.49 (b, 2H, Hb, 
Hc), 7.66 (b, 1H, Ha); FT-IR (νmax/cm): 1719 (-C=O), 2500 – 3500 cm
-1 (-COOH).       
 
3.2.2.6 Synthesis of poly(solketal methacrylate-co-lactic acid methacrylate) P(SoMA-co-
LAMA). 
                                                                         
 
P(SoMA-co-LAMA) was prepared according to literature procedures.11,13 Free radical 
copolymerization reaction of solketal methacrylate (SoMA) and lactic acid methacrylate (LAMA) 
(1:1 mol ratio) was performed using 1,1-azobis(cyclohexanecarbonitrile) (ABCN) as an initiator 
and ethyl acetate as solvent. SoMA (0.60 g, 3.20 mmol) and LAMA (0.50 g, 3.20 mmol) were 
added into a pre-dried round-bottom flask and about 5 - 10 mL of ethyl acetate was added to it. 
Air was removed and replaced with nitrogen using a series of freezing and thawing cycles in 
vacuum. The reaction flask was then placed in an oil bath temperature of 80 oC with stirring. After  
5min of stirring, ABCN (0.21 g, 0.84 mmol) was dissolved in ethyl acetate and then added to the 
mixture. The reaction mixture was then stirred at 80 oC for maximum of 24 h. After 24 h, the 
polymer mixture was then precipitated in excess hexane and vacuum dried. The dried polymer was 
weighed (0.70 g) and further characterized. 1H NMR (400 MHz, CDCl3, 25 °C, δ, ppm): 1.20 – 
2.09 (b, 16H, Hd, He, Hf, Hg, Hj, Hk), 3.33 – 4.95 (b, 8H, Ha, Hb, Hc, Hh, Hi); FT-IR (νmax/cm): 1719 




             
Free radical homo-polymerization of FAMA and SoMA by solution polymerization technique 
were performed with 1,1-azobis(cyclohexanecarbonitrile) (ABCN) as an initiator in toluene. 
(Scheme 3.1) The reactions were carried out under reflux at 88 oC with continuous stirring for 24 
h. Both polymers from FAMA and SoMA were found to be soluble in toluene at the polymerization 
temperature as well as room temperature. The chemical structure of the polymers was corroborated 
using 1H, 13C{1H} NMR and FT-IR spectroscopy.   
 
                                      
                Scheme 3.1: Outline for the homo-polymerization of (a) FAMA and (b) SoMA 
 
The successful free radical homo-polymerization of FAMA and SoMA without their ring being 
opened was validated by 1H NMR spectrum. Relative to 1H NMR of FAMA (Figure 2.6), 1H NMR 
spectrum of the polymer PFAMA revealed the disappearance of vinylic protons (5.55 - 6.11 ppm) 
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(Figure 3.1). The appearance of methylene backbone protons (He) peaks at 2.33 ppm corroborated 
the formation of the polymer. Also, the presence and broadening of other peaks (Ha, Hb, Hc, Hd) 
substantiated the retention of the ring structure without being opened. The 1H NMR spectrum of 
PSoMA also revealed the disappearance of vinylic protons (5.55 - 6.11 ppm) (Figure 3.2) along-
side with the appearance of methylene backbone protons (Ha) peaks at 1.83 – 2.12 ppm thereby 
confirming the formation of the polymer. Also, the presence and broadening of other peaks (Hc, 
Hd, He,) affirmed the retention of the ring structure without being opened. 
  









                                     
 
3.3.1.2. Infrared (IR) spectra of PFAMA and PSoMA.  
The disappearance of -C=C peak at 1636 cm-1 and 1638 cm-1 in the IR spectrum of PFAMA 
(Figure 3.3) and PSoMA (Figure 3.4) respectively also support the successful polymerization of 







                  
                            
 
               






3.3.2 Synthesis and characterization of lactic acid methacrylate homopolymer (PLAMA). 
Free radical homo-polymerization of modified lactic acid monomer (LAMA) via solution 
polymerization technique was performed with 1,1-azobis(cyclohexanecarbonitrile) (ABCN) as an 
initiator in ethyl acetate (Scheme 3.2). The reaction was performed under reflux at 80 oC with 
continuous stirring for 24 h. The highly polar nature of the polymer led to precipitation during the 
polymerization in ethyl acetate. Hence the polymer was found to be insoluble in ethyl acetate at 
both polymerization temperature and room temperature. The chemical structure of the polymer 
was confirmed using 1H, 13C{1H} NMR and FT-IR spectroscopy.                           
 
                                         
                        
 
  
The successful free radical homo-polymerization of LAMA was confirmed by 1H NMR spectrum.  
The disappearance of vinylic protons (5.62 - 6.23 ppm) as well as the presence of methylene 
backbone protons (Hc) peaks at 0.85 – 1.22 ppm in the 
1HNMR of PLAMA (Figure 3.5) 








                                 
 
 







                               
                                                          Figure 3.6: IR spectrum of PLAMA. 
 
 
Free radical copolymerization of FAMA and SoMA (in a feed ratio of 1:1/50:50) via solution 
polymerization technique was performed using 1,1-azobis(cyclohexanecarbonitrile) (ABCN) as 
an initiator and toluene as solvent. (Scheme 3.3) The reactions were carried out under reflux at 88 
oC with constant stirring for 24 h. The copolymer was found to be soluble in toluene at the 
polymerization temperature as well as room temperature.  
The copolymer composition ratios between FAMA and SoMA in the polymer was calculated 
(based on equation (1)) to be 58:42 respectively. This showed that FAMA and SoMA were able to 
co-polymerized well though FAMA tends to be more reactive than SoMA. The ability of FAMA 
and SoMA to copolymerized well is due to the similarities in their polarities and steric hindrance.  
𝑋𝐹𝐴𝑀𝐴 =  
(𝑁𝑆𝑜𝑀𝐴)(𝐼𝐻𝐹𝐴𝑀𝐴)  
(𝑁𝑆𝑜𝑀𝐴)(𝐼𝐻𝐹𝐴𝑀𝐴)  +  (𝑁𝐹𝐴𝑀𝐴)(𝐼𝐻𝑆𝑜𝑀𝐴)
                                                                                  (1) 
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where 𝑋𝐹𝐴𝑀𝐴 corresponds to the molar fraction of FAMA in the copolymer, 𝐼𝐻𝐹𝐴𝑀𝐴 is the integral 
value concerning the peak marked with the letter (d) (related to FAMA monomer) in the molecular 
structure of P(FAMA-co-SoMA) in Figure 3.7; 𝐼𝐻𝑆𝑜𝑀𝐴 is the integral value concerning the peak 
marked with the letter (g) (related to SoMA monomer) in the molecular structure of P(FAMA-co-
SoMA) in Figure 3.7; 𝑁𝐹𝐴𝑀𝐴 is the number of protons related to the peak (d) and 𝑁𝑆𝑜𝑀𝐴 is the 
number of protons related to the peak (g). 
To the best of the author’s knowledge, the synthesis of copolymer of FAMA and SoMA by free 
radical polymerization using ABCN as initiator and subsequent characterizations of these 
polymers have not been reported yet. This copolymer is therefore new. 
 
                  
                   Scheme 3.3: Outline for the copolymerization of FAMA and SoMA. 
 
 
The successful free radical copolymerization of FAMA with SoMA was corroborated by 1H NMR 
spectrum. Relative to the 1H NMR spectra of FAMA and SoMA (Figure 2.6 and Figure 2.8), 1H 
NMR spectrum of P(FAMA-co-SoMA) exhibited the disappearance of vinylic protons (5.55 - 6.11 
ppm) (Figure 3.7). The appearance of methylene backbone protons (He) peaks at 0.85 – 1.22 ppm 
support the formation of the polymer. Again, the presence and broadening of other peaks (Ha, Hb, 




                         
 
 
3.3.3.2. Infrared (IR) spectrum of P(FAMA-co-SoMA). 
 
h,I,j,k,l,m 





                       
                      Figure 3.8: IR spectrum of SoMA, FAMA and P(FAMA-co-SoMA) 
 
 
Free radical co-polymerization of FAMA and LAMA (in a feed ratio of 1:1/50:50) via solution 
polymerization technique was performed using 1,1-azobis(cyclohexanecarbonitrile) (ABCN) as 
an initiator and ethyl acetate as solvent (Scheme 3.4). Ethyl acetate was chosen as the solvent in 
order to ensure effective polymerization since both monomers (FAMA and LAMA) were found to 
be miscible in it. The reactions were carried out under reflux at 80 oC with continuous stirring for 
24 h. P(FAMA-co-LAMA) was found to be soluble in ethyl acetate at the polymerization 
temperature but insoluble at room temperature. The copolymer composition ratios between FAMA 
and LAMA in the polymer was calculated to be 70:30 respectively. Thus, FAMA tends to be more 
reactive than LAMA which might be ascribed to the aromatic nature of the furan ring.   
Similar feed ratio, polymerization technique, solvent, polymerization temperature and time were 
employed in the free radical co-polymerization of SoMA and LAMA (Scheme 3.4). However, 
P(SoMA-co-LAMA) was found to be insoluble in ethyl acetate at both polymerization temperature 
and room temperature. This can be ascribed to the possibility of cross-linking reaction taking place 
in the polymerization process. The copolymer composition ratios between SoMA and LAMA in 
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the polymer was calculated to be 44:56 respectively. This shows that SoMA and LAMA were able 
to co-polymerized well though LAMA tends to be more reactive than SoMA. The ability of LAMA 
and SoMA to copolymerized well is due to the similarities in their polarities. However, the higher 
reactivity of LAMA might be attributed to the carboxylic acid functional group. Moreover, steric 
hindrance in SoMA might be a reason for its lower percentage composition.   
To the best of the author’s knowledge, the synthesis of copolymers of FAMA with LAMA and 
SoMA with LAMA by free radical polymerization using ABCN as initiator and subsequent 
characterizations of these polymers have not been reported yet. These copolymers are therefore 
new. 
                              









The successful free radical copolymerization of FAMA with LAMA and SoMA with LAMA were 
confirmed by 1H NMR spectroscopy. 1H NMR spectrum of P(FAMA-co-LAMA) exhibited the 
disappearance of vinylic protons (5.55 - 6.23 ppm) (Figure 3.9) which were present in the 1H 
NMR spectra of FAMA and LAMA (Figure 2.6 and Figure 2.12). The appearance of methylene 
backbone protons (He, Hi) peaks in the range of 0.85 – 1.88 ppm also supported the formation of 
the polymer. Also, the presence and broadening of other peaks (Ha, Hb, Hc, Hd,) corroborated the 
retention of the ring structure in FAMA without being opened. 1H NMR of P(SoMA-co-LAMA) 
depicted the same disappearance of vinylic protons (5.55 - 6.23 ppm) (Figure 3.10) together with 
the appearance of methylene backbone protons (He, Hf, Hj) peaks in the range of 0.85 – 1.88 ppm 
hence successful formation of the polymer. The retention of the ring structure in SoMA without it 
being opened during the polymerization was also affirmed by the presence and broadening of other 















                                                  















3.3.5 Molecular weight, Thermal Properties and PXRD analysis. 








P(SoMA-co-LAMA) in a wide range of solvents made it quite difficult to measure the true 
molecular weight using the room temperature SEC technique, hence the lowest molecular weight 
value of 2194 gmol-1. The polydispersity index (PDI) ranges in 4.1 – 1.2. Thus, all the polymers 
have a broad molecular weight distribution with different chain lengths. It can also be inferred that 
the polymers were fashioned in a random manner and could display their effect on numerous 




3.3.5.2 Thermogravimetric analysis (TGA) 
Thermogravimetric curves of the polymers are shown in Figure 3.11. The temperatures used for 
the analysis were between 25 oC and 600 oC. PSoMA, PFAMA, P(SoMA-co-LAMA) and 
P(FAMA-co-LAMA) showed a thermal stability up to ~ 155 oC whilst P(FAMA-co-SoMA) and 
PLAMA showed a thermal stability up to ~ 150 oC and ~ 125 oC respectively. A slight weight loss 
of about 5% was observed in P(FAMA-co-SoMA) and PSoMA, P(SoMA-co-LAMA), PFAMA, 
P(FAMA-co-LAMA) at 155 oC and 200 oC respectively. This can be attributed to dehydration in 
the polymer materials. Moreover, 20% (by mass) of the materials degrade around 350 oC for 
P(SoMA -co-LAMA) and P(FAMA-co-LAMA), 325 oC for PSoMA, 300 oC for PFAMA and 
P(FAMA-co-SoMA) indicating good thermal stability. However, 20% of PLAMA material was 
found to degrades around 200 oC, thus PLAMA showed the least thermal stability. All the 
polymers went through no less than three phases of disintegration, with the first stage being 
attributed to dehydration while the last two stages are probably due to the disintegration of ester 
87 
 
bonds, acetal bonds and furan ring. The residual weight at 600 oC decreased as follows: PFAMA 
> P(FAMA-co-SoMA) > P(FAMA-co-LAMA), PLAMA > PSoMA > P(SoMA-co-LAMA), 
insinuating that residual weight is associated to the rigid aromatic group in content for the furan-
based methacrylic polymers. 
 
                                            
 
 
DSC thermograms of both homopolymers and copolymers are shown in Figure 3.12. The glass 
transition temperature (Tg) values were taken from the first midpoint of transition on the curves. 
Crystalline temperature (Tc) and melting point temperature (Tm) were also identified on the curves 
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which confirms crystalline regions in the polymers as complete amorphous polymers would not 
show Tc and Tm. The Tg values of the polymers spread over a range of 150 
oC and 67 oC. (Table 
3.0) which are comparable to the Tg of some commercially available polymers (such as 
poly(ethylene terephthalate) (PET), poly(ethylene 2,5-furanoate) (PEF) and 
poly(methylmethacrylate) (PMMA) which have Tg of 76 
oC, 81 oC and 105 oC respectively).  
Tg depends on the flexibility and mobility of the polymeric chains which generally depend on 
several factors like chain stiffness of the polymer, intermolecular forces, bulky and flexible 
pendant groups, molecular weight, cross linking etc.14 Stiffening groups (such as carbonyl, sulfone, 
amide, aromatic etc.) present in polymer chains decrease the flexibility of the chain, hence 
increasing the Tg.
14 
The Tg values of the polymers increased as follows: PSoMA < PFAMA < P(FAMA-co-SoMA) < 
PLAMA < P(SoMA-co-LAMA) < P(FAMA-co-LAMA). Considering the structure of PSoMA, it 
is clear that PSoMA should possess a higher Tg value than PFAMA due to steric hindrance. 
Nevertheless, the opposite was obseved because of the aromatic group (furan ring) in the PFAMA 
side chain. The furan ring tends to restrict the flexibility of the polymer chain in PFAMA, thus 
leading to a slight increase in Tg value of PFAMA. 
Moreover, Tg of the polymers containing the LAMA moiety [P(SoMA-co-LAMA), P(FAMA-co-
LAMA)] were noticed to be higher than those without the LAMA. This can be ascribed to the 
carboxylic acid functional group (-COOH) present in LAMA. The -COOH contains additional 
carbonyl group thereby increasing the stiffening of the chains, hence an increase in the Tg. Also, 
the presence of much stronger hydrogen bonding between the hydroxyl group and carbonyl group 
contributed to the higher Tg of the LAMA based polymers. 
Comparing the Tg of P(FAMA-co-LAMA) and P(SoMA-co-LAMA), the former had a higher Tg 




























                                                  
                                          Figure 3.12: DSC thermograms of polymers 
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3.3.5.4 PXRD analysis. 
The PXRD graph of both the homopolymers and copolymers are exhibited in Figure 3.13. The 
XRD patterns of the polymers revealed a broad characteristic peak around 2θ = 20o and some sharp 
but less intense peaks within the range of 2θ = 25 – 60o. This indicate that the polymers contain 
high amorphous regions and low or partial crystalline regions, thus they are semi-crystalline in 
nature. Moreover, PFAMA has the highest intense sharp peak while PSoMA has the lowest intense 
sharp peak, implying that PFAMA has the highest degree of partial crystallinity while PSoMA has 
the lowest degree of partial crystallinity.   
                       




TEM micrographs of the polymers are shown in Figure 3.14 below. Notably, nanoparticles were 
identified in the micrograph of P(FAMA-co-SoMA), PFAMA and PSoMA. Larger particles of 
average diameter of 35 nm were measured in P(FMA-co-SoMA) as compared to smaller particle 
sizes in PFAMA and PSoMA. Darker areas in the micrograph of PSoMA indicate a denser packing 
of particles which correspond to less electrons reaching the fluorescent screen. However, the 
micrograph of P(FAMA-co-LAMA) and P(SoMA-co-LAMA) did not show any nanoparticles but 





























SEM micrographs of the polymers shown below in Figure 3.15 reveals that all the polymers are 
non-fibrous and powdery in texture. Moreover, the lactic acid methacrylate-based polymers tend 
to form more clusters of particles than the furfural and solketal based polymers. 
 
          
 





Furfuryl, solketal and lactic acid methacrylate homo-polymers and copolymers were synthesized 
and characterized successfully. 1H NMR and FT-IR spectra of these polymers corroborated the 
chemical structures of the polymers. The polymers exhibit good thermal stabilities and glass 
a b c 
d e f 
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transition temperature over a range of 125 – 155 oC and 67 - 150 oC respectively. The PXRD 
graphs, as well as the melting point and crystalline temperature identified in the DSC thermogram, 
infer the semi-crystalline nature of the polymers. Thus, the polymers contain both amorphous and 
crystalline regions. Moreover, nanoparticles were noticed in PFAMA, PSoMA and P(FAMA-co-
SoMA) polymers and the SEM images confirm that all the polymers are porous.   
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Preparation of polymer membranes and their potential applications. 
4.1 Introduction 
Polymeric membranes are employed in vast applications including: coatings, packaging films, 
water purification, pharmaceutical and biotechnology industries, food industries etc.1 Phase 
inversion method of preparing membranes is known to be straightforward and the most adopted 
method.  In this method, solvent and polymer mixture are poured onto a flat surface followed by a 
controlled process of exchanging solvent to a nonsolvent to form a solid uniform film membrane. 
Such polymeric membranes are known to function well in commercially available membrane 
applications.2,3 
Polysulfone (Psf), poly(vinylidene fluoride) (PVDF), polyethylene (PE), polydimethysiloxane 
(PDMS) and other materials are the most regularly used fabricated polymeric membranes.4,5  
In this chapter, furfuryl alcohol and solketal methacrylate polymers are reinforced using 
commercially available cellulose triacetate (CTA) and polysulfone (Psf) to give new polymer 




Polysulfone (Psf), cellulose triacetate (CTA), sodium hydroxide and hydrochloric acid were 
purchased from Sigma-Aldrich and used as supplied. Poly(furfuryl alcohol methacrylate) 
(PFAMA), poly(solketal methacrylate) (PSoMA) and poly(furfuryl-co-solketal methacrylate) 
(P(FAMA-co-SoMA)) were synthesized following a reported literature method.6 Solvents, such as 
ethyl acetate and chloroform, were purchased from Sigma-Aldrich and were used as received.   
Powder X-ray Diffraction (P-XRD) were recorded on a Panalytical X’Pert X-Ray diffractometer 
at the University of Johannesburg, Analytical facility, Spectrau. Diffraction patterns were reported 
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in arbitrary units [a.u.] on the vertical axis and position [2θ (0)] on the horizontal axis within a 
range of 4-90 2θ (o). 
Scanning Electron Microscopy (SEM) micrographs were recorded on a Tescan Scanning Electron 
Microscope equipped with and Oxford INCA Energy Dispersive Spectroscopy detector at the 
University of Johannesburg, Analytical facility, Spectrau. The type of electron signal used was 
that of secondary electron (SE). The Vega software was used in capturing images. 
Transmission Electron Microscopy (TEM) micrographs were recorded on a Jeol Jem-2100 
electron microscope coupled with an Energy Dispersive Spectroscopy detector at the University 
of Johannesburg, Analytical facility, Spectrau. The type of electron signal used was that of 
secondary electron (SE). 






            Percentage of swelling =  
𝑊2−𝑤3
𝑊3
× 100  





4.2.4 Hydrolytic degradation of film membranes 







An early attempt to form film membranes from the synthesized polymers (PFAMA, PSoMA and 
PFAMA-co-SoMA) by solvent casting method proved unsuccessful as the polymer membrane got 
stuck on the glass surface with cracks. Hence, they were blended with commercially available 
polymers like polysulfone (Psf) and cellulose acetate (CTA) which lead to the formation of better 
membranes (Figure 4.1). It should be noted that formation of polymer composite of the lactic acid-
based polymers (PFAMA-co-LAMA, PSoMA-co-LAMA and PLAMA) with the commercial 
polymers was not successful. This is due to the insolubility of the polymers in a wide range of 








Films were fabricated using a ratio of mass of Psf to the synthesized polymer mixture (1.5 :1) The 
same ratio was employed in the CTA-based membranes. Seemingly robust films were created from 
the evaporation of the solvent over a minimum of 48 h period at room temperature.  
Although chloroform served as a good casting solvent, numerous variables had to be optimized 
before obtaining a moderately combined polymer composite solvent-cast method. A mass ratio of 
1:10 (chloroform to polymer composite) was found to be optimal. Utilizing solutions with much 
lower ratios of chloroform to polymer composite (e.g. 1:3) resulted in a much thinner film after 
solidification due to less polymer composite in the final substrate with similar volumes of mixture. 
Increasing the ratio (e.g. 1:30) formed a solution much higher in viscosity, resulting in a material 
that was laborious to process and eventually a mixture that would not settle into a homogenous 
thickness before attaining the critical evaporation point of the chloroform and solidification. 
Comparing membranes from Psf and CTA based, with CTA based membranes, it was observed 
that CTA membranes would occasionally fracture or tear when attempts were made to remove 
them from the petri dish to make the membranes. The brittle nature of the CTA membranes could 
be due to the membranes being thin; but could also be due to their inherent brittle nature. This 
 (e) (d) 




effect was much greater in the CTA-PSMA membrane, thus rendering the sample useless for 
further testing.  
Preparation of the polymer composites needed to be well curbed for better formation of 
membranes. For example, reducing the volume to free surface area ratio of the poured solution 
was crucial to producing a better result. A thicker film after 48 h of chloroform evaporation in air 
was formed initially if the total volume was too large compared to the amount of free surface in 
the pour. However, further drying would result in a bubbled surface as the bulk of the remaining 
chloroform was removed from the sample. Again, solutions needed to be poured into a dish that 
was both very flat and placed on a flat surface, or else films of varying thickness would result. For 
instance, if the bottom of the casting dish was convex, the polymer composite-chloroform solution 
would pool around the edges of the dish, resulting in a high localized thickness and in some cases 
re-agglomeration of the polymer composite would occur. 
Another variable that needed a cautious control was the chloroform evaporation rate. The rate of 
evaporation was too fast when the chloroform was allowed to evaporate in an uncontrolled manner, 
and this leads to the re-agglomeration of the polymer composite in the solution. As a result, the 
dish was covered very tightly during the initial solvent evaporation. This helped to curb the 
evaporation rate by changing the comparative partial pressure of the chloroform in the air space 
and thus the diffusion rate across the free surface boundary.  
It should be noted that processing polymer composites via solvent -casting has some magnificent 
potential to make composite membranes of this nature more captivating. Despite the fact the final 
material thickness would be perfect for a thin film and coating, the constraints on the thickness 
and uniformity identified in this study may be raised with more improved techniques. Sadly, this 
is from the scope of this study.  
 
4.3.2 Microscopy analysis of film membranes 
Transmission electron microscopy (TEM) micrographs of the film membranes are shown in Figure 
4.2 below. Remarkably, nanoparticles were identified in the micrograph of PSf-PFAMA and CTA-
PFAMA-co-SoMA. Darker areas in the micrograph of CTA-PFAMA-SoMA indicate a denser 
packing of particles which correspond to less electrons reaching the fluorescent screen. However, 
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the micrograph of PSf-PSoMA, PSf-PFAMA-co-SoMA, CTA-PFAMA, CTA-PSoMA did not 
show any nanoparticles but rather a sheet. 
 
  
    
 
Scanning electron microscopy (SEM) micrographs of the membranes are shown in Figure 4.3 
below. Notably, pores with varying sizes were identified on the surfaces of all the membranes. 
Among the PSf based membranes, PSf-PFAMA exhibited a high surface porosity with small pores 
randomly distributed on the membrane surface while PSf-PFAMA-SoMA showed a low surface 
porosity with small pores randomly distributed on the membrane surface. With the CTA based 
membranes, CTA-PFAMA portrayed a high surface porosity with large pores randomly distributed 
on the membrane surface relative to the low surface porosity observed in CTA-PSoMA and CTA-
PFAMA-PSoMA membranes. Moreover, PSf-PFAMA, PSf-PFAMA-SoMA, CTA-PFAMA and 
CTA-PSoMA membranes had smooth surfaces while PSf-PSoMA and CTA-PFAMA-SoMA 
membranes had rough surfaces. It can therefore be inferred that the furfural-based membranes tend 





     
     
 
 
4.3.3 PXRD analysis of film membranes 
The PXRD graph of both Psf and CTA based film membranes are shown in Figure 4.4. The XRD 
patterns of the membranes exhibited a distinct broad characteristic peak around 2θ = 20 – 40o 
without any noticeable sharp peaks. This is indicative of the complete amorphous nature of the 
membranes relative to the semi crystalline nature of the synthesized polymers. The complete 
amorphous nature of the membranes can be attributed to the reinforcement of the synthesized 
polymers with the commercial polymers (Psf and CTA).   
(a) (b) (c) 
(d) (e) (f) 
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                                          Figure 4.4: XRD graphs of film membranes. 
 
4.3.4 Swelling studies 
Swelling percentage of the polymeric membranes in ethyl acetate are set out in Table 4.1. Swelling 
of a polymer is defined as the penetration of a solvent into the polymer network resulting in a sharp 
change in the volume of the polymer.7 Swelling behavior of polymers depend on the solvent, 
hydrophilic/hydrophobic nature of the polymer and cross-link density. A highly cross-link polymer 
convey less degree of swelling.8 All the polymer composite membranes showed a high percentage 
of swelling with the least value being 64.12%.  Figure 4.5 shows the image of the polymer 
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membrane before and during swelling. This is indicative of low cross-linking in the polymer 
composite membrane. The variation in the percentage of swelling values might be attributed to the 
differences in their hydrophilic nature. 
 
                      Table 4.1: Swelling percentage of Polymer membranes. 





                                                    







4.3.5 Sol content 
 
                    Table 4.2: Sol content percentage of Polymer membranes. 
                        
 
 
Hydrolytic degradation studies of the polymeric membranes were done in both alkaline and acidic 
solutions of different concentration at room temperature. Figure 4.6 illustrates the change of weight 
of polymeric membranes in alkaline and acidic solutions at different times. Notably, there was a 
minimum weight loss of 10% regardless of the concentration and time in all the membranes. Also, 
weight loss of the polymeric membranes increased slightly with increase in concentration of 
NaOH/HCl as well as with time. Among the polysulfone (PSf) based membranes, PSf-PSoMA 
recorded the highest weight loss in HCl solution at different concentration and time. This might 
be due to the presence of acetyl groups in PSoMA which are known to undergo hydrolysis in acidic 
solution (i.e. deacetylation) thereby enhancing the rate of degradation. 
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Moreover, comparing the PSf and CTA based membranes, CTA based membranes recorded higher 
weight loss in both NaOH and HCl solutions. Deacetylation of the acetyl groups in CTA accounted 
for such weight loss. Though there was not complete weight loss of the membranes in 72 h, 
however it is clear from the degradation studies that complete hydrolytic degradation could be 
possible over a period of two to three months since weight loss was observed to increase with time.    
 
   Figure 4.6: Hydrolytic degradation study of film membranes in both basic and acidic solutions. 
 




Comparing the PSf and CTA based membranes, CTA based membranes recorded higher weight 
loss. This might be due to deacetylation of the acetyl groups in CTA as against the stable sulfone 
groups in PSf, thereby enhancing the rate of degradation in CTA based membranes.  
 
4.3.8 Potential application of polymeric membranes 
4.3.8.1 Coating application 
Investigating into the coating application of the polymeric membranes, piece of metal and wood 
surfaces were coated with CTA/PFAMA-SoMA and PSf/PSoMA membranes respectively. The 
images of the surfaces before and after coating are shown in Figure 4.8. The coating obtained from 
the metal surface was translucent and less glossy while the wood surface gave a transparent and 
glossy look. The hydrophobic nature of the membranes makes them potentially useful in 
waterproof coating surfaces.   





     
    
Figure 4.8: Coating of: 1). a metal surface with CTA/P(FAMA-co-SoMA); (a) before coating, (b) 
after coating. 2). a wood surface with PSf/PSoMA; (c) before coating, (d) after coating. 
 
4.3.8.2 Water filtration application 
To study the ability of water to permeate through the engineered membranes, deionized water in a 
dead-end cell was employed. Compressed nitrogen gas was employed to regulate the pressure. The 
membranes were pressurized at 1200 KPa for 20 min to compact them before assessment. At 
distinct pressures (400, 600, 800 and 1000) kPa, pure water flux (Jflux) was noted within 10 min 
intervals. The permeation flux was calculated using the equation below: 









Where Jflux is the permeation flux of the membrane for pure water (Lm 
-2 h-1), ‘v’ is the volume of 
permeate water (L), ‘A’ is the effective area of the membrane (m2) and ‘t’ is the permeation time 
(h). It could be observed that the water flux increased with increase in pressure (Table 4.3 and 
Figure 4.9). Thus, more water permeate through the PSf-PFAMA membrane as the pressure was 
increased. This infer the potential application of Psf-PFAMA membrane in water filtration. 
However, water permeation through the other PSf based membranes (i.e. Psf-PFAMA-co-SoMA 
and PSf-PSoMA) was not successful. Moreover, the CTA based membranes could not stand the 
pressure in the dead end cell due to their thin and brittle nature. As a result, they broke off easily 
making them unsuccessful for the water flux test.   
 




                                                                                                                                
 




Furfuryl alcohol and solketal methacrylate polymers were reinforced successfully using 
commercially available cellulose triacetate (CTA) and polysulfone (PSf) to give new polymer 
composites. Subsequent fashioning of these polymer composites into film membranes were also 
successful.  
The PSf based membranes were found to be stronger, more bendable and less brittle as compared 
to the CTA based membranes. However, the CTA based membranes were more uniform in texture 
and thickness. The PXRD graph showed that the membranes were completely amorphous and also 
exhibited a high percentage of swelling from the swelling studies. Also, the SEM analysis 
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confirmed the porous nature of the membranes. Moreover, all the membranes demonstrated a 
minimum hydrolytic degradation of 10% in 24 h. Furthermore, CTA-P(FAMA-co-SoMA) and 
PSf-PSoMA were found to coat well on metal and wood surface respectively, thus making them 
useful in coating applications while PSf-PFAMA could be useful in water filtration applications. 
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Furfuryl alcohol, Solketal and lactic acid methacrylate monomers were synthesized successfully 
from essential bio-based chemicals including furfural, glycerol and lactic acid. The NMR (1H, 
13C{H}, HSQC and COSY) and FTIR spectra of these monomers confirmed the successful 
incorporation of methacrylic group in furfuryl alcohol, solketal and lactic acid to obtain their 
corresponding methacrylate monomers with free radical polymerization handle. All the monomers 
were synthesized in high yield and purity, using scalable, simple reaction conditions and post-
work up procedures. 
With free radical homo- and co-polymerization techniques, all monomers were able to form homo- 
and co-polymers. The 1H NMR and FTIR spectra of these polymers confirmed the chemical 
structure of the polymers based on complete disappearance of vinylic protons and the appearance 
of methylene backbone protons. Moreover, the polymers exhibited good thermal stabilities (in the 
range of 125 – 155 oC) and glass transition temperature (Tg) over a range of 67 – 150 
oC. Notably, 
the Tg of these polymers are comparable to the Tg of some commercially available polymers ( such 
as; poly ethylene terephthalate (PET), poly(ethylene 2,5-furanoate) (PEF) and 
poly(methylmethacrylate) (PMMA) which have Tg of 76 
oC, 81 oC and 105 oC respectively. Also, 
the PXRD graph as well as the melting point and crystalline temperature identified in the DSC 
thermogram infer the semi-crystalline nature of the polymers. Moreover, nanoparticles were 
noticed in PFAMA, PSoMA and P(FAMA-co-SoMA) making them useful in applications that 
may require nanoparticles.  
Furthermore, furfuryl alcohol and solketal methacrylate polymers (PFAMA, PSoMA and 
P(FAMA-co-SoMA)) were reinforced successfully using commercially available cellulose 
triacetate (CTA) and polysulfone (PSf) to give new polymer composites. Subsequently, these 
polymer composites could be fashioned into thin film membranes. The PSf based membranes were 
found to be stronger, more bendable and less brittle as compared to the CTA based membranes. 
However, the CTA based membranes were more uniform in texture and thickness. The PXRD 
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graph showed that the membranes were completely amorphous and also exhibited a high 
percentage of swelling from the swelling studies. Moreover, all the membranes demonstrated a 
minimum hydrolytic degradation of 10% in 24 h. Finally, CTA-P(FAMA-co-SoMA) and PSf-
PSoMA were found to coat well on metal and wood surface respectively, thus making them useful 
in coating applications while PSf-PFAMA could be useful in water filtration applications. 
 
5.2 Future prospects 
Future prospects for this work include the adoption of a more controlled radical polymerization 
method (such as Atom transfer radical polymerization) to enhance the molecular weight of the 
polymers. This will also help to alter the thermal and physical properties of the polymers hence 
making them fit for other applications such as pipes, tanks, adhesives etc. Moreover, other 
polymerization techniques like emulsion polymerization could be employed in order to compare 
their molecular weight and thermal properties with the solution polymerization technique used in 
this work. Furthermore, advanced membrane preparation techniques could be employed so as to 






































































































































































                             


















   
 
 
 
 
 
 
